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Introduction
Glioma is the most common primary brain tumor in adults (Crocetti et al., 2012; Ostrom et al., 2017) .
Gliomas are classified by histological type and malignancy grade (Louis et al., 2007) . Despite surgical resection, radiotherapy and chemotherapy, the survival of glioma patients is limited, with a two-year survival of 15% for glioblastoma (WHO grade IV) and 85% for diffuse low-grade glioma and a ten-year survival of 2% and 58% respectively (Ostrom et al., 2017) .
Although glioma segmentation on MRI is not generally considered to be part of standard care, it is useful in clinical practice for documentation, prediction of survival, treatment planning, assessment of quality of care, and treatment response measurement. For diagnosis and surgical planning, several MRI sequences are typically applied to assess tumor location and extent (T1-, T2-and T2-FLAIRweighted images) and the integrity of the blood brain barrier (T1-weighted images after administration of a gadolinium-based contrast agent). Tumors are segmented on pre-and postoperative MR scans for volumetric analysis and calculation of the extent of resection (EOR). The EOR is an important predictor of survival for gliomas (Brown et al., 2016; Lacroix et al., 2001; Sanai and Berger, 2018) . Tumor segmentation is standard practice for planning of radiotherapy. During radiological follow-up the tumor volume is monitored, and timing of second line treatment is based on tumor growth. Quantitation of MRI tumor volumes has proven to be valuable for studying autonomous growth (Gui et al., 2018; Mandonnet et al., 2013 Mandonnet et al., , 2008 , quantification of the effects of (pharmacological) interventions (Ben Abdallah et al., 2018b; Mandonnet et al., 2010; Johan Pallud et al., 2012) , and statistical maps of care (De Witt Hamer et al., 2013; Mandonnet et al., 2007) and disease mechanisms (Amelot et al., 2017; Ellingson et al., 2013; Wang et al., 2014) .
These examples show that examination of glioma on MRI by human experts is important. Ideally, observer variation should be small. Theoretically, this variation could be reduced or eliminated by
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A C C E P T E D M A N U S C R I P T semi-automated or completely automated MRI segmentation algorithms, and such algorithms are being developed (Cordova et al., 2014; Gooya et al., 2012; Meier et al., 2016; Menze et al., 2015; Porz et al., 2016 Porz et al., , 2014 Zaouche et al., 2018) . To date the work on automatic segmentation has primarily focused on the segmentation of preoperative MR scans of patients with glioblastoma. However, the most recent BRATS tumor segmentation benchmarking challenges have put automatic detection of tumor volume change on follow-up MR scans on the agenda (Crimi et al., 2018 (Crimi et al., , 2016 .
Manual segmentation by experts is still considered to be the gold standard and therefore required for quantitative interpretation of MR images and for the validation of automated segmentation algorithms. Reproducibility of manual segmentations has been investigated previously by others (Ben Abdallah et al., 2018a Bø et al., 2017; Cattaneo et al., 2005; Gutman et al., 2013; Huber et al., 2015; Kleesiek et al., 2016; Kubben et al., 2010; Provenzale et al., 2009; Provenzale and Mancini, 2012; Sorensen et al., 2001; Weltens et al., 2001) . Most of this work was focused on manual segmentation of preoperative MRI in glioblastoma, although a few of these studies consider longitudinal data (Huber et al., 2015; Kleesiek et al., 2016; Kubben et al., 2010; Meier et al., 2016) . Two studies (Ben Abdallah et al., 2016; Huber et al., 2015) have addressed the issue of required level of expertise, albeit for preoperative MRI. Both these studies indicated no significant influence of either clinical expertise, or the years of experience on the reproducibility of the segmentations. Since manual segmentation of 3D MRI is labor intensive, even when semi-automated methods are used, many studies are based on a limited number of included scans and raters. Finally, most studies address segmentation of glioblastoma and relatively few studies address lower grade gliomas, although in more recent studies lower grade glioma segmentation is being studied as well (Ben Abdallah et al., 2016; Bø et al., 2017) .
In this study, we aim to establish the reproducibility of manual raters in the case of glioma segmentation on MRI, and the impact on extent of resection and growth rate measurements. We will
A C C E P T E D M A N U S C R I P T therefore analyze the reproducibility of glioma segmentations at three MRI scan time points by eight raters with two levels of expertise for glioblastoma and non-glioblastomas.
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METHODS Patients
Patients were randomly selected from a cohort treated at the Neurosurgical Center Amsterdam of the VU medical center (Amsterdam, The Netherlands) between 2009 and 2013 with standard T2-FLAIR-, T2-, T1-weighted images before and after contrast agent administration. All series were obtained at 3 time points: 1) preoperative, i.e. before first-time resective surgery, 2) postoperative, and 3) at disease progression. For interpretation of post-surgical ischemia, diffusion-weighted imaging on MRI after surgery was included as well. MR data from 20 patients with histopathologically confirmed WHO IV glioblastoma and from 20 patients with grade II-III glioma were included. All 20 gadolinium-enhancing gliomas had a histopathological diagnosis of glioblastoma WHO grade IV. Of the 20 non-enhancing gliomas, 12 were astrocytoma WHO grade II, four oligodendroglioma WHO grade II, three oligoastrocytoma WHO grade II, and one anaplastic astrocytoma WHO grade III, which we refer to as non-glioblastomas.
The preoperative MRI was made on average within one week before resection. The MRI after surgery was made within 72 hours after resection for glioblastomas and on average at four months after resection for non-glioblastomas. The MRI at progression was the scan that demonstrated the first tumor progression according to tumor board meeting consensus.
The institutional review board at the VU medical center Amsterdam approved of this study (case nr. 2014.336), after which the data was gathered retrospectively from the clinical workflow. All patients provided written informed consent for use of their clinical data for medical research. The imaging was analyzed after anonymization in accordance with the Personal Data Protection Act.
MR-imaging
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Imaging was performed on a variety of systems (Siemens, model Sonata or Avanto; GE medical   systems, model Signa HDxt or DISCOVERY MR750; Toshiba, model Titan3T; Philips, model Panorama   HFO or Ingenuity) 
Manual segmentation
Four experts and four novices segmented each glioma at each time-point as rater. The experts consisted of three neuro-radiologists (E1, E2 and E3) and one neurosurgeon (E4) with 8, 20, 18, and 20 years of clinical experience, respectively. The novices consisted of three neurosurgical residents (N1, N3 and N4), and one neuro-radiology resident (N2) with 1, 5, 3, and 3 years of clinical experience.
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Raters were blinded for histopathological diagnosis and clinical follow-up of patients. Raters were asked to delineate both the non-enhancing and the contrast-enhancing tumor elements -if presentfor all three MRI time points in each of 40 patients. To facilitate MRI interpretation, raters were acquainted with the VASARI-criteria (Visually AcceSAble Rembrandt Images, as proposed by The Cancer Imaging Archive (Clark et al., 2013) ), but no segmentations rules were imposed. The raters were asked to segment the enhancing tumor elements on post contrast T1-weighted images and to include enclosed necrosis or cysts. Furthermore, they were requested to segment the non-enhancing tumor elements on T2/FLAIR-weighted images. A volume of zero was assigned when a rater determined absence of enhancing or non-enhancing elements.
Segmentations were made with the semi-automatic SmartBrush tool (Elements © , BrainLab™ GmBH, Feldkirchen, Germany) approved for use in clinical practice. Raters were instructed with the use of the software and practiced their skills with MRI sets for preoperative, postoperative and progression time points from two test patients, one contrast-enhancing case and one non-enhancing case. Afterwards they received feedback on their use of the software and on the requirements for the segmentations.
From this point on no further feedback was provided. Raters were blinded for segmentations of the co-raters and received the 40 MRI sets in identical order. The order of the MRI sets was randomized to ensure mixing of glioma gradings.
Statistical Analysis
First, we evaluated the agreement in the detection of any enhancing or non-enhancing tumor tissue between expert and novice raters using bar plots, as raters may not necessarily agree on tumor presence.
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T
Second, we determined the inter-rater agreement in volume measurements derived from the segmentations using the intra-class correlation coefficient (ICC) (McGraw and Wong, 1996) and (Shrout and Fleiss, 1979) . The specific ICC model used for this purpose is the ICC(A,1) from (McGraw and Wong, 1996) to quantify the inter-rater agreement on volume. ICC scores below 0.4 were considered as poor agreement, 0.4-0.6 as reasonable, 0.6-0.7 as good, and 0.7-1 as excellent (Bartko, 1991; Cicchetti, 1994) .
Third, we determined the inter-rater agreement in spatial overlap using the generalized conformity index (GCI) (Kouwenhoven et al., 2009 ) that quantifies the spatial overlap among multiple spatial objects. This a mathematical generalization of the well-known Jaccard score, which quantifies the overlap of two volumes, as the ratio between the volume of the cross-section and the union of both volumes. When the segmented set by rater j is indicated as A j and its volume by Vol(A j ), the GCI is expressed as:
where ∑ … pairs ( > ) indicates summation over all combinations of unique pairs of raters. For two raters the GCI equals the Jaccard score, GCI = Vol( 1 ∩ 2 )/Vol( 1 ∪ 2 ). The GCI was calculated separately for experts and novices, for each MRI time point of every patient. Raters who detected no tumor in a patient, i.e. a volume of zero, were omitted from the GCI calculation for that patient. A GCI of zero denotes no spatial overlap at all and a GCI of one denotes complete spatial overlap among raters. Scores of 0.7-1.0 are regarded as excellent (Bartko, 1991; Zijdenbos et al., 1994) . The distributions of spatial overlap scores were visualized in scatter plots and boxplots. Differences in distributions between experts and novices were tested using the Fisher-Pitman permutation test (Ludbrook and Dudley, 1998) .
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Fourth, to evaluate when expert knowledge is required, we also determined the Jaccard indices between expert consensus and novice consensus segmentations. Majority voting over multiple raters is a well-established method to obtain a consensus segmentation that is a better ground truth than single rater's segmentation (Kittler et al., 1996) . For these consensus segmentations, a voxel-wise majority vote of at least two of four raters was used.
Fifth, to evaluate the impact on clinical volumetric analysis, we calculated the extent of resection based on the pre-and postoperative MRI and the growth rate based on the postoperative and progression MRI for each rater. The extent of resection was based on volumes of enhancing elements for glioblastoma and on volumes of non-enhancing elements for non-glioblastoma:
where V pre and V post are the pre-and postoperative volumes of one rater.
The growth rate was calculated as difference between the mean tumor diameters divided by the timeinterval in years (Mandonnet et al., 2008) , in which:
where D mean is the mean tumor diameter of the volume V of one rater. For the clinical volumetric analyses we used the interquartile range as measure of dispersion between the non-normal measurements of raters per case. 
RESULTS
Patient characteristics
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Tumor tissue detection
The number of raters that identified any tumor are plotted in Figure 1 . 
ICC of tumor volume
The ICCs of tumor volumes are shown in Table 2 . Agreement in volume measurements among experts is excellent at all three time points for enhancing tumor elements in glioblastoma patients and excellent for non-enhancing tumor elements in non-glioblastoma patients (ICC≥0.8). In contrast, the non-enhancing elements in glioblastoma patients have poor to fair agreement for both experts and novices. The agreement among experts is generally better than among novices. Indices above 0.7 are considered excellent. The median of measurements and interquartile distances are plotted as boxes, which were omitted when fewer than five data points were present. Few data points were available for enhancing tumor segmentations in non-glioblastoma, because the generalized conformity index could not be calculated when fewer than two observers detected tumor.
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Spatial overlap
Results for spatial agreement are represented as box-plots of the GCI between raters in figure 2, demonstrating that experts generally achieve a higher agreement in spatial overlap than the novices.
For non-enhancing tumor segmentations of glioblastoma on postoperative MRI, experts had a significantly higher spatial overlap than novices with a median GCI of 0.30 versus 0.15 (p=0.002). For non-enhancing tumor segmentations of non-glioblastoma at all MRI time points, experts had a significantly higher spatial agreement than novices with a median GCI of 0.79 versus 0.67 (p=0.001) on preoperative MRI, 0.52 versus 0.35 (p=0.007) on postoperative MRI and 0.64 versus 0.38 (p<0.001) at progression.
The spatial agreement was invariably highest for preoperative segmentations and lowest for postoperative segmentations.
Agreement on enhancing tumor in glioblastoma was excellent among both experts and novices on preoperative MRI and at progression. Spatial agreement was lowest for enhancing tumor in glioblastoma on postoperative MRI, whereas this was affected by a substantial inter-observer disagreement on the presence of any enhancing tumor. Agreement on non-enhancing tumor was excellent among experts segmenting non-glioblastoma, and lowest among novices segmenting nonenhancing tumor for glioblastoma. Spatial overlap agreement was generally higher for enhancing tumor in glioblastoma than for nonenhancing tumor in non-glioblastoma at all MRI timings.
To explore potential causes of the low spatial overlap agreement of postoperative enhancing tumor in glioblastoma patients, we hypothesized that lower object volumes and higher level of fragmentation may contribute to this. The scatter plots in figure 3A confirm that in particular enhancing tumor
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volumes smaller than 10 mL in glioblastoma come with a strikingly lower agreement. As tumor volumes on postoperative MRI are typically smaller than 10 mL, this may partly explain the low agreement. A similar small volume effect was observed in non-enhancing tumor segmentations of non-glioblastomas in figure 3B .
To take this one step further, we artificially dilated the enhancing tumor segmentations of glioblastomas with a 10 mm spherical structure element and recalculated the overlap of the dilated volumes (grey symbols, middle panel figure 3A) . Although the overlap increases, it is still lower than undilated object volumes of similar size. Therefore, the lower agreement could not be fully explained by a small volume effect.
In addition, we compared the fragmentation of the tumor segmentations by calculating the number of connected components for patients with an enhancing tumor volume smaller than 10 mL. The average number of fragments was 2.14 ±1.35 (SD) on postoperative MRI and 1.92±1.96 at progression. Therefore, fragmentation of tumor segmentations did not fully explain the lower agreement on postoperative MRI either. 
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T
Majority voting consensus
Subsequently the spatial overlap agreement was determined between each rater's segmentations and the majority vote for experts and novices combined (figure 4). The plots shown in figure 4 show a similar trend as the group-wise analysis shown in figure 2. Again, the highest agreement was observed
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on preoperative MRIs, followed by MRIs at the time of progression, and lowest agreement for postoperative MRIs. The comparison against the majority vote allowed for scrutiny on the individual level, showing for the non-glioblastoma patients that one novice (N4) performed at a level similar to that of the experts. We also compared the majority vote for experts and for novices ( figure 5) which shows that the novice consensus is comparable to the expert consensus for enhancing tumor on preoperative MRI and at progression for glioblastoma and for non-enhancing tumor on preoperative MRI for non-glioblastoma. Novice consensus shows only moderate agreement with expert consensus for enhancing tumor on postoperative MRI for glioblastoma and for non-enhancing tumor on postoperative MRI and at progression for non-glioblastoma. Indices above 0.7 are considered excellent. The median of measurements and interquartile distances are plotted as boxes, which were omitted when fewer than five data points were measured.
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Clinical volumetric analysis: extent of resection and growth rate
The variation in extent of resection and growth rate between raters is plotted in Figure 6 . The agreement between raters on the extent of resection of glioblastoma is excellent with a median interquartile range of 1.2% and below 10% in 18 (90%) of 20 cases. At higher extents of resection the variation between raters is lower. For non-glioblastoma, the agreement between raters on the extent of resection is less than glioblastoma but still reasonable with a median interquartile range of 8.3% and below 10% in 10 (50%) of 20 cases. A correlation between extent of resection and variation between raters seems absent.
The agreement between raters on the growth rate of glioblastoma is quite high with a median interquartile range of 0.42 mm/y and below 1 mm/y in 16 (80%) of 20 cases. The agreement on growth rate is not correlated with growth rates. For non-glioblastoma, the agreement on growth rate was higher than for glioblastoma with a median interquartile range of 0.22 mm/y and below 1 mm/y in 18 (90%) of 20 cases. At lower growth rates the variation between raters is lower. Common reasons for disagreement of enhancing portions consisted of small linear enhancement at the border of the resection cavities, which was considered to be sulcal vasculature or gliosis by some raters and residual tumor by others. Furthermore, some raters identified small multifocal enhancing nodules at distance from the resection cavity that were overlooked or considered normal vasculature by others, which resulted in poor volume overlap. In non-enhancing tumor segmentations of lowergrade glioma, novices typically identified tumor in the uncus adjacent to the tumor on T2/FLAIRweighted MRI, which contained intensities similar to the contralateral uncus according to experts.
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Similarly novices included the hyper-intensity of the cortex adjacent to the sulci, where experts restricted their segmentation from sulcus to sulcus.
The inter-rater agreement on MRI at progression was slightly lower than the inter-rater agreement on preoperative MRI, and higher than on postoperative MRI, which is in agreement with the relative volumes. The agreement in spatial overlap for non-glioblastoma segmentation found in this study, with a GCI of 0.60 among experts, is in agreement with that found by others (Gui et al., 2018 ) based on two experts segmenting two MRIs. Novices can replace experts in segmentations of enhancing tumor in glioblastoma on MRI at progression. Nevertheless, experts seem to be required for nonenhancing tumor segmentation in non-glioblastomas on MRI at progression. MRIs at progression of non-glioblastomas are difficult to interpret because these suffer from artefacts from radiation therapy that cannot be discerned from disease progression (Tensaouti et al., 2017) .
The combination of results from experts and novices may incorrectly overlook performance of individual raters and therefore be an oversimplification. Interestingly, the comparison of individual raters with the consensus of all raters shows that one novice (the last in figure 4) seems to provide segmentations of similar quality as experts.
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For glioblastomas, the spatial overlap agreement between raters was high on preoperative MRI, which is not surprising due to the unambiguous distinction of contrast enhancing tumor to non-enhancing surrounding tissue. At progression the contrast becomes more ambiguous due to treatment effects such as pseudo-progression or radiation induced necrosis (Tensaouti et al., 2017) . The contrast becomes even more ambiguous on postoperative MRI with small fragmented residual tumor in the presence of surgical artefacts. Of note is that despite the lack of spatial overlap agreement, the volume ICC scores in glioblastoma are high, particularly among experts, in contrast to findings by others (Kubben et al., 2010) . Perhaps this discrepancy is due to the agreement on absence of residual tumor in several of our patients, whereas in the previously published study (Kubben et al., 2010) all 8 patients had postoperative residue. Our data support that, despite low agreement in spatial overlap, the agreement in volume measurements is reasonable, which is commonly used for determining the extent of resection.
The impact of inter-rater disagreement on common clinical volumetric analyses such as the extent of resection and the growth rate appear to be limited. The extent of resection calculations for glioblastoma justifies use of exact percentages by a single rater for cohort reports. Extent of resection calculations for non-glioblastoma are subject to more variation, and therefore would likely be better represented by categories of near-complete, subtotal and partial resections, for instance.
Furthermore, the growth rate calculation agreements justify use of exact growth rates by a single rater, even more so for non-glioblastoma than glioblastoma.
An important aspect that impact scores like Dice and Jaccard (of which the GCI is an extension) is the effect of small volumes, which biases these scores to be lower as volume decreases. Distance measures are considered less susceptible to this small volume bias (e.g. (Dubuisson and Jain, 1994; Steenbakkers et al., 2005) ), but require correlated surfaces to establish a distance measure and this is
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A C C E P T E D M A N U S C R I P T undefined in case of multiple tumor fragments, as is common for glioma segmentations. Possible causes for the poor to moderate spatial overlap agreement as described by the GCI for postoperative data include the relative small volumes and tumor fragmentation. However, we showed that the enhanced tumor segmentations at progression of glioblastoma patients have similar fragmentation but were associated with a higher spatial overlap. Even when the postoperative segmentations were artificially dilated to reduce the volume effect the overlaps stayed well below those of the results at progression. Therefore, we conclude that segmentations on postoperative imaging are more complex than those at progression.
This study has some limitations. We have used a commercial semi-automatic segmentation tool, which may not be available to other users. We have selected this tool, because it is time-efficient and intuitive and is in common use in clinical settings for the treatment of patients with brain tumors.
Furthermore, we adopted the VASARI-criteria for radiological definitions of glioblastoma, which are based on standard T1-and T2-weighted sequences. These standard sequences are known to have poor performance to distinguish tumor infiltration from normal brain (Verburg et al. 2017) . Perhaps better performance can be expected from (combinations of) advanced imaging, which should then be used to improve tumor segmentation.
Our study is an extension of the current literature, summarized in table 4, which often focuses on glioblastoma with manual segmentations on preoperative MRI as reference to evaluate novel (semi-) automatic tumor segmentation algorithms. In the recent literature, more and more expert segmentations are made publically available (e.g. BRATS data (Menze et al., 2015) and (Bakas et al., 2017) ) and are being used for the validation of (semi-) automatic algorithms (e.g. (Zaouche et al., 2018) ). However, such data sets are of limited value when each segmentation results from a single rater and the inter-rater variability is unknown.
A C C E P T E D M A N U S C R I P T Experts generally have higher agreement than novices, suggesting that expert segmentations are better than those of novices in particular for non-enhancing tumor segmentations in nonglioblastomas, although novices have similar agreement for enhancing tumor segmentations of glioblastomas on preoperative MRI and at progression. Our results indicate that preoperative tumor segmentation is done reliably by novices and experts. For other applications of tumor segmentation, such as assessment of quality of care, treatment response measurement, and evaluation of progression, segmentations are less reliable and sensitivity analysis of different raters would be needed. In practice, it is not realistic to obtain consensus segmentations from multipl e experts. A promising future strategy could be to use standardized fully automated tumor segmentation algorithms which is probably more reproducible than manual segmentations, but which may be inaccurate as well. To determine the accuracy of segmentations, ground truth histopathological correlation of tumor presence would be required.
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